Abstract Groundwater samples were collected from several soil depths down to 50 m below soil surface to investigate vertical profiles of NO 3 -and hydrogeochemical characteristics of the experimental site. The experimental site is located in the Shimabara City, Nagasaki, Japan, where nitrate contamination in groundwater is severe due to intensive agricultural production. A transition zone regarding dissolved ions was found between specific depths caused by differences in the permeability of soil layers. Though NO 3 -concentration decreased significantly in the transition zone, the entire soil depth exceeded permissible levels (50 mg L -1 ) for drinking purposes. Comparing the temporal NO 3 -fluctuation above the transition zone with that of the below, distinct fluctuations were observed depending on sampling campaign. High rainfall amounts typically lead to initial decrease in NO 3 -concentration for the shallow groundwater. After some time, however, increase in NO 3 -concentration occurred due to leaching of accumulated NO 3 -in the soil matrix. This indicated that temporal NO 3 -fluctuation is mainly controlled by natural impact and occurring crop system. Results of principal component analysis suggested that application of chemical fertilizers [(NH 4 ) 2 SO 4 , NH 4 NO 3 , and KCl], dissolution of minerals (feldspar, calcite, and dolomite), and ion exchange are the predominant factors resulting in the observed vertical groundwater chemistry. The relative magnitude of these three principal component scores changed across the transition zone. Below the transition zone, groundwater geochemistry reflected application of NH 4 NO 3 and KCl fertilizer and dissolution of albite and orthoclase.
Introduction
Nitrate contamination of groundwater is often caused by nonpoint pollution sources originating from intensive agricultural activities. In this context, the effect of chemical fertilizer on groundwater is an important subject that has been intensively studied (e.g., Kolpin 1997; Peterson et al. 2002; Oren et al. 2004; Moore and Peterson 2007) . The high solubility of nitrate fertilizers and low retention capacity of soils increase the problem. In line with this, spatial investigations have been carried out over large areas to map pollution extent and excessive NO 3 -concentrations exceeding the permissible 50 mg L -1 for drinking water recommended by WHO (2011) (Nemčić-Jurec et al. 2013; Agca et al. 2014) . Investigations have also assessed the vertical distribution of NO 3 -concentration (Liu et al. 2005; Ju et al. 2006; Chandna et al. 2011) . The predominant feature of these investigations is that NO 3 -concentration decreases with increasing groundwater depth (e.g., Kundu et al. 2009 ). The results suggest that groundwater for drinking purposes should be collected at large depths in order to avoid nitrate contamination (Chandna et al. 2011) . NO 3 -concentration varies in wide ranges for shallow groundwater depths because it may be influenced by many processes such as pumping or infiltration of water through the crop root zone. Deeper groundwater levels, however, are affected by fewer processes and pure diffusion of free NO 3
- (Liu et al. 2005) . However, NO 3 -concentration usually changes drastically at specific soil depths due to occurrence of impermeable geologic layers (Choi et al. 2010) . Local factors determine the exact occurrence of these processes.
Temporal NO 3 -fluctuations are significantly related to application rates of N fertilizer (Derby et al. 2009 ), rainfall events (Sorensen et al. 2015) , and mixing of shallow groundwater due to pumping (Ki et al. 2015) . Moreover, the time lag between nitrate application and NO 3 -reaching the groundwater is determined by soil type, hydrogeological, and climatic properties (Fenton et al. 2011 ). Therefore, research on temporal NO 3 -fluctuations in groundwater is important for appropriate groundwater management and monitoring in addition to the investigation of horizontal and vertical nitrate fluctuation.
The agriculturally important Shimabara district in Nagasaki, Japan, is experiencing severe nitrate pollution. Since 2005, policies and agendas have been discussed to reduce the nitrate load (Committee on Nitrate Reduction in Shimabara Peninsula 2016). According to investigations, serious health problems have not yet been reported. However, at present, nitrate nitrogen concentration of groundwater is exceeding recommended maximum value in 23 % of all public water supply wells in the area. According to investigations of spatial trends of nitrate pollution from 2011 to 2013 , nitrate in the area originates from livestock waste, manure, and chemical fertilizers. High NO 3 -concentrations in groundwater are located downstream of areas with high potential nitrate loading. NO 3 -concentration fluctuation in the groundwater is in good agreement with rainfall events inducing washout and dilution. However, information on vertical NO 3 -distribution is often absent in research literature. Thus, the main objective of this study was to investigate the vertical profile of NO 3 -by using a multi-level groundwater sampler and to study processes related to rainfall events and crop systems. To understand the vertical characteristics of groundwater chemistry, hydro-geochemical components were investigated to determine factors controlling water quality.
Materials and methods

Experimental site
To monitor groundwater chemistry with soil depth, two 50-m multi-level observation wells (O-1 and O-2) were equipped at an elementary school area (31 m a.m.s.l.) in Shimabara Prefecture, Nagasaki, Japan. The average groundwater table depth in the area was about 3.7 m below soil surface during March 2013-November 2015. The average annual precipitation during 2013-2015 was 2225 mm, with the highest monthly precipitation (363.5-603.5 mm) during June-August (Japan Meteorological Agency 2016). The June-August precipitation represented 38 % in 2013, and over 50 % in 2014 and 2015, of the annual total. The average annual temperature was 17.2°C. The rural area is mainly agricultural interspersed by fallow land and buildings (Fig. 1) . Buildings are mainly located along the public road. A river flows nearby the observation wells. According to observed water level difference (3.4 m; measured in December 27, 2015) between the observation well (O-2) and Nishi River (Fig. 1) , groundwater flow occurs toward the river. Soil moisture sensors located at specific depths down to 1 m below soil surface indicate vertical infiltration. One of the river water sampling displays high NO 3 -level exceeding 50 mg L -1 . Chinese radish, carrot, and Chinese cabbage are common crops in Shimabara. Secondary crops are lettuce, sweet corn, and watermelon. Double cropping is performed with various crop combinations (e.g., fall/winter Chinese radish and spring carrot, winter carrot and spring carrot, then Chinese cabbage and sweat melon).
The distance between the two observation wells is 5 m (Fig. 1) . Figure 2 shows a schematic of both observation wells. The 50-m deep observation wells are constituted by a 10 % aperture ratio PVC screen with inner and outer diameter of 51 and 60 mm, respectively. The space between pore wall and casing pipes is filled by silica sand (/0.8-3.1 mm) to prevent breakup of pore wall and inflow of sand. Figure 3 shows the geological profile and result of groundwater prospecting for the observation well at O-1. Throughout the entire depth, particle size and gravel fraction of the matrix vary. Boring cores are composed of three kinds of matrix depending on soil depth: filling (0-1.4 m), fan deposits (1.4-44.9 m), and pyroclastic flow deposits (44.9-50.0 m). Umber cohesive soil is predominant between 0.7 and 0.9 m soil depth containing hard andesite gravel. The matrix between 1.4 and 7.1 m consists of highly loose medium-coarse sand containing round gravel of hard andesite with 60-70 % gravel fraction. Between 3.9 and 4.7 m, the main content is round gravel. From 7.1 to 18.5 m, fine-medium sand together with fine fractions constitute the matrix. The matrix between specific depths (18.5-26.5 m and 26.5-44.9 m) consists of highly loose medium-coarse sand. They include round gravel of hard andesite. Gravel fractions vary with depth: 30-40 % (18.5-26.5 m) and 60-70 % (26.5-44.9 m). At 26.5-27.3 and 31.6-32.3 m depths, hard andesite gravel is included.
Starting from a depth of 45 m, volcanic fine-medium sand is mixed with fine fractions of sub-angular gravel of hard andesite (50-60 %). Large parts of the core contain significant amounts of andesite including biotite, amphibole, plagioclase, and olivine. The dissolution of these minerals may elevate the concentration of Ca 2? , Mg 2? , and Na ? ). In Fig. 3 , a schematic of the groundwater prospecting is shown. In this examination, sodium chloride was used as electrolyte. The specific resistance was measured from the groundwater table down to the bottom of the observation well at 0.25-m intervals. The background-specific resistances were measured before the observations started. These started immediately after injection and continued for 300 min. The results of observations suggested that 10, 35, and 40 m depths are main groundwater flow depths. The groundwater velocities here were 4.5 9 10 -4 (10 m), 8.3 9 10 -5 (35 m), and 1.2 9 10 -4 cm s -1 (40 m).
Sampling Figure 4 shows a schematic of the sampling technique. For multi-depth sampling, a simultaneous groundwater extraction apparatus (SGEA; Marui & Co., Ltd.) was used. The procedure to collect water samples by this apparatus involves three steps. First, an inner tube with 11 % aperture ratio (1.06 m length) is slowly inserted into the well down to the bottom until the entire depth is complete (50 m). Second, an outer tube, covering the inner tube, is inserted into the well from the top. Third, the tubes are pulled up by a chain block and separated. In order to minimize disturbance of groundwater, step 2 was done after 1 h. Owing to this technique, undisturbed groundwater samples of about 650 mL for each tube were collected for the saturated zone. Maximum number of samples was 44 per sampling occasion.
Chemical analyses
Sampling campaigns were different for O-1 and O-2. This was due to the long time requirements for using SGEA. In March and September 2013, groundwater sampling was done at O-1. For O-2, six sampling campaigns were performed from May 2013 to November 2015. On April 30 and August 11 2015, sampling was conducted every meter from 4 to 20 and 5 to 15 m by use of a peristaltic pump at O-2. Hydrochemical parameters analyzed on site were DO, EC, pH, ORP, and HCO 3 -. Measurement of DO was performed using an HQd portable meter (HACH HQ30d). EC, pH, and ORP were measured using a handheld electrode (HORIBA D-54). HCO 3 -was quantified using titration method with 0.1 N HCl. Laboratory analyses were performed for dissolved cations (Na ? , K ? , Mg 2? , and Ca 2? ) and anions (Cl -. NO 3 -, and SO 4 2-). For analysis of these ions, groundwater samples were kept in polyethylene bottles and stored in a refrigerator before analysis using ion chromatography of suppressor type (Metrohm 861 Advanced Compact IC).
Principal component analysis (PCA) is often performed using geophysical data (Aiuppa et al. 2003; Thivya et al. 2015; Hassen et al. 2016; Matiatos 2016) . PCA is a powerful tool to identify dominating processes (e.g., anthropogenic activities, ion exchange, weathering, mineralization, dissolution, seawater intrusion, and evaporation) controlling groundwater chemistry. Nakagawa et al. (2016) used PCA to analyze the importance of nitrate pollution and dissolution of ions. They showed that the significance of these factors varied at each sampling location. Also, recent results show that PCA is an efficient method for clustering geochemical data . In this study, in a similar, we presumed that groundwater samples from different depths are affected by 
Results and discussion
Vertical hydrochemical profiles Figure 5 shows the vertical profiles of hydrochemical components in the groundwater samples of O-1. In March 2013, groundwater chemistry gradually changed at specific depth ranges regardless of ion type. For all ions except HCO 3 -, there was a marked transition zone (27-33 m below soil surface). The EC strongly reflected the dissolved ion concentrations for specific depth and ions. NO 3 -concentrations were high throughout the entire depth range although it decreased below the transition zone, indicating impacts of agricultural activities as shown by Nakagawa et al. (2016) . In a study in South Korea, two distinct groundwater zones were observed due to a silty soil layer (Choi et al. 2010) . However, in our study low-permeable layers of silt and/or clay do not appear within the 50 m soil depth. Comparing vertical chemistry profiles with geological profiles (Fig. 3) , the transition zone was observed a little deeper than the coarse layer. As shown in Fig. 3 , the layer above 18.5 m depth is distinct from that below it (18.5-44.9 m) in terms of coarseness. This means that permeability is higher at the deeper layers (below 18.5 m). In other words, groundwater velocity will be faster here. Hence, one of the factors causing a transition zone is due to different permeability of the soil layers. Thus, ion concentrations do not change abruptly but rather gradually due to the changing velocity of groundwater. The difference between upper and lower layers seems to determine the vertical profile of ORP. However, ion concentrations and EC decrease at the transition zone and DO increases. pH appears constant with depth showing weak alkalinity throughout the entire depth. The alkalinity is caused by application of lime to mitigate soil acidification for cropping (Chae et al. 2004 ).
In September 2013 as well as in March 2013, EC and ion components except for Na displayed a transition zone at the specific depth (Fig. 5) . However, while the ion concentrations increased below the transition zone from March, they increased or did not change at the shallower depth. Concentration fluctuations depending on depth are affected by factors such as recharge of precipitation from the surface (Sorensen et al. 2015) . DO values showed a distinct vertical profile compared to March. The DO at the shallow depth tends to be higher than that at the deeper depths. pH decreased to a minor extent throughout the depth and displayed a but weak alkalinity. Although ORP decreases regardless of depth, high values appeared at specific depths (30-37 m). . Except for the drastic change in July 2013, the general trend is increasing DO with depth also at O-2. pH shows weak alkalinity and variation to weak acidity at O-2. The ORP varies widely by sampling campaign but generally shows oxic condition throughout the entire soil depth.
Agricultural and precipitation impacts
As shown in Figs. 5, 6 and 7, NO 3 -concentrations are high throughout all soil depths. This means that agricultural activities affect the entire groundwater recharge area.
Temporal fluctuation of NO 3
-concentration in groundwater is modified by many processes such as application of fertilizers. Crops with deep roots can absorb more NO 3 -and balance leaching to the groundwater better as compared to crops with short roots (Kundu et al. 2009 ). However, intensively irrigated crops develop short roots meaning that they have smaller uptake ability of water and nutrients. Thus, downward movement of NO 3 -is promoted resulting in high NO 3 -concentrations below the root zone (Dahan et al. 2014 ). In the soil matrix, upward and downward NO 3 -migration is controlled by soil moisture that in turn is affected by evaporation, rainfall, and irrigation amounts (Huang et al. 2013) . NO 3 -accumulation in soil and soil water can be observed at specific depths after the cropping season, and its peak concentrations significantly depend on N application rate (Li et al. 2016) . Thus, although NO 3 -concentration in the shallow groundwater has a similar temporal trend with leachate concentration, there is a lag time between them (Derby et al. 2009 ). N fertilizer surplus will pass through the crop root zone and move toward the groundwater surface under the influence of various hydrological processes. Precipitation events affect not only NO 3 -concentration (Sorensen et al. 2015) but also water chemistry (Padilla et al. 2015) of soil water and groundwater. In our study, temporal NO 3 -concentration was closely correlated with daily precipitation and cultivation system (Fig. 8) . As mentioned above, concentration fluctuation depends on the soil depth. Consequently, NO 3 -concentrations were averaged by distinguishing the depth (above 18 m and below 30 m depth). In Shimabara City, large areas are used for cultivation of radish, carrot, and Chinese cabbage. Some areas are used for lettuce and water melon. Yield amounts for lettuce and water melon represent 10-25 % as compared to the predominant crops (radish, carrot, and Chinese cabbage). Figure 8 shows typical annual cultivation systems for these crops. For example, in the case of double cropping of radish and carrot, seeding is performed between August and September. They are harvested between November and December. Subsequently, seeding is again conducted in December with harvest in April. Not all crops are harvested. A part is left in the cultivation to use them as green manure. In the case of lettuce, seeding occurs in August and December. It is harvested in October-December. Cropping of water melon is followed by Chinese cabbage. Manure is commonly applied as soil amendment before the first cropping. Basic fertilizers are utilized before first and second cropping. The NO 3 -concentration at O-1 decreased at shallow depths and increased at deeper depth on September 6, 2013. NO 3 -concentration was diluted at shallow depth due to recharge from abundant precipitation (570 mm from August 23 to September 4 in 2013). The sampling campaign started soon after seeding, which means that nitrogen uptake by crops was less. Thus, large amounts of precipitation promoted leaching and downward migration of nitrogen components in recharge. Therefore, NO 3 -concentration increased at larger depths. However, concentration fluctuations were small suggesting that the major nitrate mass had already passed through or not reached the Environ Earth Sci (2016) observation points. Secondly, for O-2 NO 3 -concentrations decreased significantly at the shallow depths during July 2, 2013. The magnitude relation between concentrations at the shallow and larger depths was reversed. In other words, the NO 3 -concentration at the larger depth became higher than that at the shallow depth. This relationship was only observed on July 2, 2013. The decrease can be a result of dilution by precipitation recharge. It more or less rained continuously from June 15 to July 1, 2013 (in total 233.5 mm). Although this rainfall amount was about half as compared to the rainfall from August 23 to September 4, 2013, the NO 3 -concentration was much less during July 2 for O-1. The decrease in concentration suggests a relationship between increase in NO 3 -concentration and fertilizing. In the sampling campaign (September 6, 2013) , the relative magnitude between concentrations at the shallow and larger depths returned, meaning that the NO 3 -concentration at the shallow depth became higher than that of the larger depth. After this, NO 3 -concentration was stable and a change in variation was not observed until August 11, 2013. On this date, NO 3 -concentration at the shallow and larger depth decreased simultaneously. No rain occurred from July 29 to August 11 and no dilution affected the concentration. This suggests that the amount of NO 3 -passing through the root zone is accumulated and thus decreases depending on rainfall and fertilization timings.
On November 26, 2015, the highest NO 3 -concentrations throughout the entire sampling campaign both at shallow and larger depths were found. This indicated that accumulated NO 3 -in the soil reached the groundwater. However, we cannot decipher when this nitrate was applied and how long it had been accumulated. To answer this question additional time series data for NO 3 -concentration in the soil and soil water from several depths in the unsaturated zone are required.
Principal component analysis
PCA was applied by using the correlation coefficient matrix based on a subset of selected hydrochemical parameters (Cl -, NO 3 -, SO 4 2-, HCO 3 -, Na ? , K ? , Mg 2? , and Ca 2? ) to identify the factors influencing vertical groundwater chemistry. The input data were composed of in total 376 groundwater samples collected at individual depths to determine the main influencing factors for concentration variation. The number of principal components (PC) was determined with Kiser criteria which takes into account only factors having eigenvalues larger than 1.0. loading. Factor 1 contains the same mechanism as Factor 2 (influence of ammonium sulfate and dissolution of albite) and Factor 3 (impact of potassium chloride and dissolution of orthoclase). This is due to that Factor 1 shows positive values for all ions. Hence, the influence of these can be distinguished by Factor 2 and 3.
PC/factor scores were used to distinguish the spatial trends of hydrochemical processes (Aiuppa et al. 2003; Matiatos 2016) . In this study, we attempted to understand the different impact by soil depth by plotting PC scores versus depth. The three vertical PC variations are described by each sampling campaign in Fig. 9 . PC scores of Factor 1 that represents the amount of dissolved ion concentration varied from -2.96 to 5.20 with depth. In fact, this vertical variation is similar with that of ions and EC as shown in Figs. 5, 6 and 7.
The vertical variation of Factor 2 scores represented influence of ammonium nitrate (NH 4 NO 3 ) and dissolution of albite was between -4.99 and 3.11, showing significant change on July 2, 2013 and November 26, 2015. As mentioned above, dilution of NO 3 -was observed at the shallow depth due to vertical infiltration of high amounts of precipitation from ground surface on July 2, 2013. NO 3 -originated from applied fertilizer at adjacent upland field transported to the observation well by groundwater flow on November 26, 2015. The variation of Factor 2 scores is in good agreement with the vertical change of NO 3 -for these sampling campaigns (Figs. 6, 7, 9) , indicating that NO 3 -originated from NH 4 NO 3 for these periods. Except for these sampling occasions, Factor 2 scores fall in between -1.70 and 1.62. The vertical profile is almost uniform and does not change significantly. However, the magnitude relation of PC scores for Factor 1 and 2 is reversed. This is due to that Factor 1 decreases at the specific depths. In other words, Factor 2 is dominating below the transition zone as compared to Factor 1. This is probably caused by the differences of application rate of NH 4 NO 3 fertilizer at the recharge area for groundwater and the dissolution of albite. Thus, dilution due to vertical precipitation recharge and NO 3 -transport contribute to the variations of Factor 2 scores. Similar analysis can be useful to improve the understanding of effects of fertilizer migration from soil surface in the other agricultural areas (Kolpin 1997; Peterson et al. 2002; Oren et al. 2004; Moore and Peterson 2007) .
PCs of Factor 3 mean impact of potassium chloride (KCl) and dissolution of orthoclase. This ranged from -1.46 to 8.40. At the depth with high scores, horizontal 
Conclusion
In this study, groundwater samples collected from different soil depths were used to assess vertical groundwater characteristics including nitrate pollution at an intensively used agricultural area. For both observation wells, a transition zone occurred for all ions at a specific depth. This was due to different groundwater velocity caused by low-permeable and/or impermeable layers such as silt and clay layers. Although NO 3 -concentration decreased below the transition zone, it still exceeded permissible level (50 mg L -1 ) for drinking water determined by WHO. The temporal decrease in NO 3 -concentration was significantly affected by high amounts of precipitation recharge at the shallow depth. Accumulated NO 3 -in the soil resulted in increase in NO 3 -concentration. However, for further understanding of nitrate buildup in the soil, we need additional data. As seen from the results, PCA was used to evaluate the anthropogenic impacts [application of manure and fertilizer as ((NH 4 ) 2 SO 4 , NH 4 NO 3 , and KCl)], dissolution of minerals, and ion exchange as factors influencing groundwater chemistry. PCA scores include effects from both NH 4 NO 3 and KCl fertilizers and natural weathering of minerals.
In future research, we will investigate different recharge zones by examining environmental isotopic data (d 18 O and d 2 H of H 2 O) that can be applied to multi-level groundwater samples. This will improve the understanding of processes for NO 3 -migration (time lag from application of fertilizer to groundwater occurrence). The studies are intended to explain fluctuation of NO 3 -content with depth. For a complete understanding of NO 3 -fate, long-term investigations are needed (Derby et al. 2009 ). In this respect, multi-level groundwater observations are of great importance.
